ABSTRACT In South Korea, 32 sequences of chicken infectious anemia virus (CIAV) from various flocks of breeder and commercial chickens were genetically characterized for the first time. Phylogenetic analysis of the viral protein 1 gene, including a hypervariable region of the CIAV genome, indicated that Korean CIAV strains were separated into groups II, IIIa, and IIIb. Strains were commonly identified in great-grandparent and grandparent breeder farms as well as commercial chicken farms. In the field, CIAV strains from breeder farms had no clinical effects, but commercial farm strains were associated with depression, growth retardation, and anemia regardless of the group from which the strain originated. In addition, we identified 7 CIAV genomes that were similar to vaccine strains from vaccinated and unvaccinated breeder flocks. These data suggest that further studies on pathogenicity and vaccine efficacy against the different CIAV group are needed, along with continuous CIAV surveillance and genetic analysis at breeder farms.
INTRODUCTION
Chicken infectious anemia virus (CIAV), the only member of the genus Gyrovirus in the family Circoviridae, is a small DNA virus with a circular, covalently linked, negative-sense single-stranded genome. The genome has 3 open reading frames encoding viral protein 1 (VP1), viral protein 2, and viral protein 3 (Noteborn et al., 1991 (Noteborn et al., , 1998 Phenix et al., 1994) . Among the viral proteins, VP1 is the major capsid protein and has a hypervariable region spanning 13 amino acids (139 to 151; Renshaw et al., 1996) . According to a previous report, the amino acid at position 394 in VP1 could be a major genetic determinant of virulence (Yamaguchi et al., 2001) .
Chicken infectious anemia virus is the causative agent of an immunosuppressive disease of young chickens. The clinical symptoms are generally observed at 10 to 14 d of age and include increased mortality, anemia, thymic atrophy, and subcutaneous hemorrhages. Despite the lack of clinical disease, older birds infected with CIAV have been found to have a decreased immune response as evidenced by poor vaccine response and increased severity of other infections (Adair, 2000) . Infection in commercial flocks is spread either vertically from the hen and possibly the rooster to their offspring (Hoop, 1992 (Hoop, , 1993 or horizontally by the oral route.
Chicken infectious anemia (CIA) has been found in the poultry industries of many countries (Schat, 2003) and previous studies have identified only one serotype (Yuasa and Imai, 1986; McNulty et al., 1990) . However, CIAV was clustered with several genetic groups (Islam et al., 2002; Ducatez et al., 2006) , and an antigenically different isolate (CIAV-7) in the United States has been reported, which could be the serotype 2 prototype (Spackman et al., 2002a,b) .
In Korea, CIAV was detected in 1989 and has continually caused economic losses due to secondary infections of chickens suffering from CIAV-induced immunosuppression. Although a few studies on the isolation of Korean CIAV and outbreaks of CIA in South Korea have been reported, a study of the molecular epidemiology of Korean CIAV based on genetic sequences has not been reported. Therefore, we performed the first genetic analysis of the VP1 gene from Korean CIAV genomes detected in samples of breeder and commercial chicken flocks.
MATERIALS AND METHODS

Samples
To survey the avian diseases in breeder farms located in several provinces of Korea in 2009, six samples (3 thymuses and 3 livers) per flock were collected. Samples from 45 flocks of great-grandparent (GGP) breeder farms with chickens of different ages were tested by the Animal Disease Diagnosis Center (ADDC) of the National Veterinary Research and Quarantine Service. Sampling from grandparent (GP) breeder farms was performed under the same method. Of the 1,366 samples from flocks of GP breeder farms tested by local veterinary diagnostic laboratories, 178 flock samples were sent to the ADDC to confirm CIAV positivity.
In addition, thymus and liver samples from cases of commercial chickens suspected of CIA were inspected in this study. The chickens submitted to the ADDC for diagnosis were less than 5 wk of age and showed clinical symptoms.
Virus Detection
The CIAV DNA was extracted from thymus and liver samples pooled from each flock using the Viral Gene-Spin Viral DNA/RNA Extraction Kit (Intron Biotechnology, Seongnam, Korea; Kim et al., 2007) . Polymerase chain reaction was conducted using the istar Taq Maxime PCR Premix Kit (Intron Biotechnology; Lee et al., 2009) with primers that flank a 675-bp DNA fragment encompassing part of the putative gene for the capsid protein of CIAV (Todd et al., 1992) . Polymerase chain reaction amplification was performed under the following conditions in a T-gradient thermal cycler (Biometra, Gottingen, Germany): an initial denaturation step at 94°C for 5 min followed by 35 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min with a final extension at 72°C for 10 min.
Sequence and Phylogenetic Analysis
After CIAV DNA detection, the viral DNA of positive samples was amplified following a previously reported method (Natesan et al., 2006) to cover the entire coding region of CIAV. The DNA fragments were extracted and purified with a QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany; Kiso et al., 2004) and sequencing of the PCR product was performed at Cosmo (Seoul, South Korea) with an ABI 3730 XL DNA sequencer (Applied Biosystems, Foster City, CA). The sequences of the strains were aligned and edited with Vector NTI (Invitrogen, Carlsbad, CA) and BioEdit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) software. The phylogenetic trees were generated by the neighbor-joining method using the MEGA 4.0 software (Tamura et al., 2007) with 1,000 bootstrap replications. Sequence data were submitted to GenBank with accession numbers HM018709 to HM018740.
RESULTS AND DISCUSSION
Nineteen flocks (42.2%) of GGP breeder farms and 11 cases of commercial chicken farms were determined to be positive for CIAV by using PCR analysis. In addition, 170 out of the 178 flock samples from GP breeder farms determined to be positive by local veterinary institutes were confirmed positive by ADDC. We carefully selected 32 CIAV consisting of 8 strains from GGP, 15 strains from GP, and 9 strains from commercial chickens to understand the genetic diversity of these Korean strains (Table 1) .
The phylogenetic branching pattern of VP1 genes of the CIAV strains showed that they belonged to groups II (n = 10), IIIa (n = 6), and IIIb (n = 16) ( Figure  1 ), based on recently proposed nomenclature ( Figure  1 ; Ducatez et al., 2006) . No identified Korean CIAV strain belonged to group I, which was isolated only from Australia. The 8 CIAV strains from GGP breeder farms were classified into groups II and IIIb, whereas CIAV strains from GP breeder farms were clustered into groups II, IIIa, and IIIb. In commercial chicken farms, 9 CIAV associated with depression, anemia, and growth retardation clustered to group II (2 strains), IIIa (2 strains), and group IIIb (5 strains) ( Table 1) . Only commercial chicken flocks showed clinical signs such as depression, anemia, and growth retardation. Seven CIAV strains from breeder farms (GGP and GP) were genetically close to the 26P4 vaccine strain (D10068), showing more than 99.5% homology ( Figure  1 ). Although the number of samples was limited, our phylogenetic analysis revealed that CIAV strains detected in Korea were clustered into 3 groups that show similarity to several strains in Nigeria, Malaysia, and India (Chowdhury et al., 2003; Ducatez et al., 2006; Natesan et al., 2006) . In addition, although the Korean CIAV from commercial chickens presenting clinical signs were separated into groups II, IIIa, and IIIb, there was no difference in clinical symptoms between groups. The difference in pathogenicity among viral strains of genetic variation is not clear at this time (Miller and Schat, 2004) . Eleven variable amino acid positions of VP1 alignment confirming findings from earlier studies were compared with our 32 strains and the 26P4 strain (Table 2 ; Renshaw et al., 1996; Chowdhury et al., 2003; Natesan et al., 2006; Hailemariam et al., 2008) . Because the Korean CIAV clustered with groups II and IIIa had a similar amino acid pattern of I75, L97, I125, Q139, Q144, V157, and A413, except for the JB BJS 1 strain, classification of these 2 groups was not possible using amino acid substitution. However, group IIIb, distinct from the other groups, showed an L125, S287, G370, and S413 amino acid pattern. Like this result, several reports showed that groupings of CIAV based on nucleotide sequence comparisons and amino acid sequence comparisons differ (Chowdhury et al., 2003; Ducatez et al., 2006) . Seven Korean CIAV similar to the vaccine strain had the same amino acid at variable positions as the 26P4 strain. Based on phylogenetic analysis of the nucleotide sequences of the VP1 gene, the CIAV detected in CN KRfarm chickens was closer to the vaccine strain (98.9%, nucleotide homology of VP1 gene) compared with the other CIAV characterized, but there were 2 amino acid variations at positions 75 and 287. This amino acid substitution may be due to vaccine strain mutation with genomes clustered the group II and IIIa and unknown CIAV genomes. In addition, 4 Indian CIAV isolates and 2 Malaysian isolates showed similar pathogenicity results in spite of a different genetic grouping (Chowdhury et al., 2003; Natesan et al., 2006) . Further investigations are necessary to evaluate the pathogenicity of Korean CIAV strains by group.
In Korea, a live-attenuated vaccine (26P4 strain) has been granted by the government and used in several chicken breeder farms since 2009 for control of the continuous economic losses caused by CIAV. Our investigation showed that 5 flocks in GGP farms and 2 flocks in GP farms were vaccinated (Table 1 ). The HKYJ HI-4A, HKYJ HI-1D, CN BR-37, and HKYJ DP-1 strains detected from vaccinated breeder farms were clustered to groups II, II, IIIa, and IIIb, respectively. If the vaccine is effective in preventing wild-type CIAV infection without regard to molecular differences, these flocks may have been infected with wild-type CIAV strains before they developed vaccine antibodies. Of the 7 viruses clustered to the vaccine strain (26P4), CN KKT, SHJE 6B, CN TB, and SHJE 2 strains were detected from unvaccinated flocks, whereas CN SHCK, HKYJ DP-3, and HKYK KC-2 were found in the vaccinated flocks ( Table 1 ). The 7 Korean CIAV strains were detected in breeder chicken flocks without clinical signs, and these strains were not found in commercial chickens. Ducatez et al. suggested that the Nigerian CIAV with low mortality clustered to the vaccine but was not a vaccine strain (Ducatez et al., 2006) . Therefore, this means that a vaccine strain may be circulating in some breeder farms or that these CIAV may not be the same strain as the vaccine strain despite the close genetic similarities.
This first molecular study of Korean CIAV showed that strains from breeder and commercial chickens were separated into 3 distinct groups. Moreover, our results suggest that an additional study of the CIA vaccine may be needed to elucidate the relationship between vaccine efficacy and wild strains in South Korea, as well as further studies related to reversion of vaccine virus to virulence.
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